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Abstract. Fisetin, a natural flavonoid found in a variety of 
edible and medical plants, has been suggested to inhibit the 
proliferation of various tumor cells and to induce apoptosis. 
However, the effects of fisetin on breast cancer have rarely 
been reported and the underlying mechanism is still undefined. 
The present study explored the anti‑cancer effects of fisetin on 
mammary carcinoma cells and the underlying mechanisms. 
Following treatment with fisetin, viability of 4T1, MCF‑7 
and MDA‑MB‑231 cells were measured by MTT assay. The 
inhibitory effects of fisetin on proliferation, migration and 
invasion were evaluated in 4T1 cells using proliferation array, 
wound‑healing assay, and HUV‑EC‑C‑cell barrier based on 
electrical cell‑substrate impedance sensing platform. Cell 
apoptosis was analyzed by flow cytometry, and western blot-
ting analysis was performed to identify target molecules. A 
4T1 orthotopic mammary tumor model was used to assess the 
fisetin‑inhibition on tumor growth in vivo. Test kits were used to 
examine the liver and kidney function of tumor‑bearing mice. 
The results suggest that fisetin suppressed the proliferation of 
breast cancer cells, suppressed the metastasis and invasiveness 
of 4T1 cells, and induced the apoptosis of 4T1 cells in vitro. 
The potent anti‑cancer effect of fisetin was associated with 
the regulation of the phosphatidylinositol‑3‑kinase/protein 
kinase B/mammalian target of rapamycin pathway. In vivo 

experiments demonstrated that fisetin suppressed the growth of 
4T1 cell‑derived orthotopic breast tumors and enhanced tumor 
cell apoptosis, and the evaluated alanine amino transferase and 
aspartate amino transferase levels in serum of tumor‑bearing 
mice suggested that fisetin may lead to side effects on liver 
biochemical function. The present study confirms that fisetin 
exerted an anti‑mammary carcinoma effect. However, in vivo 
experiments also revealed that fisetin had low solubility 
and low bioavailability. Further investigation is required to 
determine the clinical value of fisetin.

Introduction

Breast cancer has the highest incidence rate of all female 
malignancies (1). Breast cancer‑related death ranks first among 
all cancer‑related mortality in females  (2). The prevention 
and treatment of breast cancer have received much attention 
in the field of oncology for years. Recently, there have been 
breakthroughs in the treatment of breast cancer, especially 
in endocrine therapy and molecular‑targeted therapy (3‑6). 
However, these therapies may only benefit certain patients; for 
triple‑negative breast cancer or patients with a heavy tumor 
burden, the treatment choice is limited and the prognosis is 
still poor (7‑9). Novel agents are urgently needed to enrich 
current treatment strategies. Following the success of artemis-
inin and paclitaxel, Traditional Chinese Medicine and natural 
plant extracts have received increasing attention in medical 
research (10,11), as they have important roles in the prevention 
and treatment of breast cancer (12).

Flavonoids are a class of small‑molecule polyphenolic 
compounds and secondary metabolites of plants. Naturally 
occurring flavonoids are widely distributed in the roots, stems, 
and leaves of plants  (13,14). Flavonoids perform various 
biological activities, including anti‑inflammatory, antioxidant, 
anti‑allergic and antiviral activities (15,16). Furthermore, flavo-
noids have effects in tumor prevention and treatment (17‑19). 
Dietary intake of flavonoids has been negatively correlated 
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with the risk incidence of a number of different types of 
cancer (20,21).

Fisetin, a natural flavonoid found in a variety of edible and 
medicinal plants, has been suggested to possess anti‑tumor 
activity (13,22). Fisetin inhibits the proliferation, metastasis and 
invasiveness of lung cancer cells (23,24). A similar anti‑tumor 
effect of fisetin has been observed in preclinical studies of 
colorectal cancer, prostate cancer, pancreatic cancer and mela-
noma (25‑28), and it has been indicated that phosphoinositide 
3‑kinase (PI3K)/protein kinase B (Akt)/mechanistic target of 
rapamycin (mTOR) may be the target signaling pathway of 
fisetin (22). The PI3K/Akt/mTOR pathway is also known to 
have a central role in various cellular processes that contribute 
to the malignant phenotype of breast cancer (29‑31). Previous 
studies have reported that fisetin and/or its nanoparticles 
induced cytotoxicity in MCF‑7 and MDA‑MB‑231 cells by 
apoptosis in vitro  (32‑37), and another study reported the 
anti‑tumor effect of fisetin in an MCF‑7‑bearing xenograft 
tumor model in vivo (38). However, the underlying mechanism 
of how fisetin induces apoptosis of breast cancer cells remains 
to be elucidated. Considering the role of fisetin in the prevention 
and treatment of other tumors, the present study investigated 
the effect of fisetin on mammary carcinoma cells proliferation, 
migration and invasion, and explored the potential underlying 
molecular mechanisms.

Materials and methods

Cell culture. Mouse mammary carcinoma 4T1 cells were 
purchased from the Cell Bank of Type Culture Collection 
of the Chinese Academy of Sciences (Shanghai, China). 
Luciferase‑labeled 4T1 cells (4T1‑luc2) were provided by 
Caliper Life Sciences; PerkinElmer, Inc. (Waltham, MA, 
USA). Human breast cancer cells (MDA‑MB‑231 and MCF‑7) 
and HUV‑EC‑C human umbilical vein endothelial cells were 
purchased from the Cell Resource Center of the Institute of 
Basic Medical Sciences, Chinese Academy of Medical Science 
(Beijing, China). RPMI-1640 medium (Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) supplemented with 10% 
fetal bovine serum and 1% penicillin/streptomycin was used 
for culture of 4T1, 4T1‑luc2 and MDA‑MB‑231 cells. MCF‑7 
and HUV‑EC‑C cells were cultured in Dulbecco's modified 
Eagle medium (Gibco; Thermo Fisher Scientific, Inc.). All 
cells were maintained in incubators at 37˚C in an atmo-
sphere of 5% CO2 and 95% humidity. Fisetin (>98% purity), 
purchased from Sigma‑Aldrich; Merck KGaA (Darmstadt, 
Germany), was dissolved in dimethyl sulfoxide (DMSO; 
Sigma‑Aldrich; Merck KGaA), and storage solutions were 
prepared at a concentration of 80 mM. In all cell experiments, 
the final concentration of DMSO was controlled and limited 
to <0.1% (v/v).

Examination of the effect of fisetin on the viability of 
breast cancer cells. Exponentially growing cells (4T1, 
MCF‑7 and MDA‑MB‑231) were seeded into 96‑well 
plates (1x103  cells/well) and were routinely cultured for 
24 h. Subsequently, 100 µl fisetin‑containing medium was 
added to each well; the final concentrations of fisetin were 
adjusted to 0, 20, 40 and 80 µM. Negative groups consisting 
of fisetin+medium+MTT without cells and medium+MTT 

without cells were used as controls, to eliminate underestima-
tion of the fisetin effect. Following incubation for 24 and 48 h, 
viable cells were measured via MTT assay (Sigma‑Aldrich; 
Merck KGaA) using DMSO to dissolve the purple formazan, 
and optical density was measured at 570 nm using a microplate 
reader (Thermo Fisher Scientific, Inc.). The optical density of 
fisetin+medium+MTT was subtracted from values obtained 
when cells were present. Experiments were performed in 
triplicate.

Examination of the effect of fisetin on the proliferation, migra‑
tion, and invasiveness of mammary carcinoma cells via the 
electrical cell‑substrate impedance sensing (ECIS) method
ECIS proliferation array. ECIS is a research platform that 
allows real‑time, quantitative, non‑invasive monitoring of 
cell behavior. The ECIS system is composed of an eight‑well 
cell culture array with gold‑plated electrodes attached to the 
bottom of the wells and an impedance detection system. Due 
to the physical properties of ECIS, the number of attached 
cells is proportional to the change in resistance. Therefore, 
cellular behavior can be monitored in real time without 
interruption or labeling by recording cell‑induced resis-
tance (39,40). The ECIS array 8WCP (Applied Biophysics, 
Inc., Troy, NY, USA) was prepared, and electrodes were 
stabilized according to the manufacturer's protocol (39,40). 
Basic resistance data of the array were collected overnight in 
the Muti‑Fre mode. After the curves were stable, the array was 
removed. Logarithmically growing 4T1 cells were exposed 
to fisetin in the array. The concentration of 4T1 cells was 
adjusted to 6x104 cells/well. The final concentrations of fisetin 
were adjusted to 0, 20, 40 and 80 µM. Cell proliferation was 
determined by measuring the cell growth‑induced resistance 
changes. Experiments were performed in triplicate.

ECIS wound healing array. A total of 1x105 4T1 cells/ml was 
added to each well of the 8W1E array (Applied Biophysics, 
Inc.). Once the resistance had reached a plateau, the medium 
was replaced with serum‑free culture medium supplemented 
with fisetin (0, 2, 4 and 8 µM) for 6 h. Subsequently, 4T1 cells 
were subjected to electronic wounding, which resulted in cell 
death in the active electrode region and decreased cell imped-
ance. Cells located outside of the electrode area migrated to 
the electrode region, which caused another rise in imped-
ance. Wound‑healing process was recorded by continuous 
impedance measurements for 10 h in the incubator at 37˚C 
with 5% CO2. The metastatic capability of the 4T1 cells was 
determined via an analysis of the cell growth‑induced changes 
in resistance. Experiments were performed in triplicate.

ECIS invsion array. HUV‑EC‑C suspension (1x105 cells/well) 
was added to each well of the 8W1E array. Once the resistance 
value of HUV‑EC‑C reached a plateau, fisetin (0, 10, 20 and 
40 µM)‑treated 4T1 or fisetin (0, 20, 40 and 80 µM)‑treated 
MDA‑MB‑231 cells were added to the array (1x105 cells/well). 
HUV‑EC‑C cells were used to simulate an artificial vascular 
endothelial layer. The progress of tumor cell invasion with 
HUV‑EC‑C mimics tumor cell invasion of blood vessels in 
humans. Penetration of the HUV‑EC‑C barrier by 4T1 cells 
or MDA‑MB‑231 cells would lead to a decrease in resistance. 
The invasive capability of the 4T1 cells and MDA‑MB‑231 
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cells was determined by measuring the degree of decrease in 
the resistance value. Experiments were performed in triplicate.

Flow cytometric analysis of apoptosis. Apoptosis was 
assessed using an Annexin V/Propidium Iodide (PI) Apoptosis 
Detection kit (cat. no. KGA 008; Nanjing KeyGen Biotech Co., 
Ltd., Nanjing, China). Following treatment with fisetin (0, 20, 
40 and 80 µM) for 24 h, 4T1 cells were harvested and resus-
pended in 500 µl binding buffer on ice. The cells were mixed 
thoroughly with 5 µl Annexin V/fluorescein isothiocyanate 
and then with 5 µl PI. Following incubation at room tempera-
ture for 15 min in the dark, apoptotic cells were examined 
using a flow cytometer (Beckman Coulter, Inc., Brea, CA, 
USA), and data was analyzed with EXPO32 Analysis Software 
(Version 1.1C; Beckman Coulter, Inc.). Experiments were 
performed in triplicate.

Western blot analysis of PI3K/Akt/mTOR‑related proteins. 
Following treatment of the 4T1 cells with fisetin (0, 20, 40 
and 80 µM) for 24 h, proteins were extracted from the cells 
by lysis in radioimmunoprecipitation assay buffer (Applygen 
Technologies, Inc., Beijing, China) with protease inhibitor 
cOmplete tablets (Roche Applied Science, Penzberg, Germany) 
and PhosSTOP phosphatase inhibitor cocktail tablets 
(Roche Applied Science). Western blotting was performed 
as previously described  (41,42). The primary antibodies, 
purchased from Cell Signaling Technology, Inc. (Danvers, 
MA, USA), were anti‑mTOR (cat. no. 2983), anti‑phosphor-
ylated (p)‑mTOR (cat.  no.  5536), anti‑Akt (cat.  no.  9272), 
anti‑p‑Akt (cat.  no.  9271), anti‑PI3K (cat.  no.  4263), 
anti‑p‑PI3K (cat. no. 13857), anti‑B cell lymphoma (Bcl)‑2 
associated X protein (Bax; cat.  no.  14796), anti‑Bcl‑extra 
large (Bcl‑xL; cat. no. 2764), anti‑P70 (cat. no. 2708), and 
anti‑p‑p70 (cat. no. 9234). Reference protein (β‑actin) anti-
body (cat.  no.  E021020‑01) was purchased from Beijing 
GuanXingYun Sci & Tech Co., Ltd. (Beijing, China). The 
membrane was incubated with above primary antibody in 5% 
BSA (Amresco, LLC, Solon, OH, USA) at 1:1,000, and then 
incubated with the Dylight™ 680‑ (cat. no. 072‑06‑15‑06) or 
800‑labeled secondary antibody (cat. no. 072‑07‑18‑06; KPL, 
Inc., Gaithersburg, MD, USA) at 1:8,000. Odyssey infrared 
imaging system V3.0 (LICOR Biosciences Company, USA) 
was used for membrane scanning. The signal intensity of each 
protein was measured with Image‑Pro Plus Version 6.0 soft-
ware (Media Cybernetics, Inc., Rockville, MD, USA).

Murine 4T1 mammary tumor model. All animal experiments 
were carried out in accordance with the National Research 
Council (US) Committee for the Update of the Guide for the 
Care and Use of Laboratory Animals (43), and were approved 
by the Animal Ethics Committee of Beijing Hospital of 
Traditional Chinese affiliated with Medicine Capital Medical 
University (application no. 2017020201). A total of 30 female 
BALB/c mice (age, 6‑8 weeks; weight, 18±2 g) were purchased 
from Beijing Vital River Laboratory Animal Technology Co., 
Ltd. (Beijing, China), and housed under specific pathogen‑free 
conditions at a constant temperature (20±2˚C) and 40‑50% 
humidity in a 12‑h light/dark cycle with free access to food 
and water. The 4T1 orthotopic mammary tumor model was 
established as previously described (41,44). Briefly, 1x104 4T1 

cells were injected into the left fourth mammary fat pad during 
isoflurane gas anesthesia. At 12 days following inoculation, 
tumor length (L) and width (W) were measured using elec-
tronic vernier caliper, and tumor volume (V) was calculated 
(V=LxW2/2). Mice were reordered and numbered according 
to tumor volume from small to large, and randomly divided 
into the following three groups (n=10/group) according to the 
block random sequence generated by SPSS 19.0 (IBM Corp., 
Armonk, NY, USA): Vehicle group, fisetin group and control 
group. The mice were administered an intraperitoneal injection 
of 30 µl vehicle alone (DMSO:polyethylene glycol 200, 1:4), 
fisetin (223 mg/kg), or normal saline every day for 3 succes-
sive weeks, respectively. At 33 d following inoculation, the 
number of photons emitted by the 4T1 orthotopic tumors was 
measured using an In Vivo Optical Imaging Spectrum system 
(Caliper Life Sciences; PerkinElmer, Inc.) as previously 
described followed the manufacturer's protocol (41,44,45). At 
34 days, mice were sacrificed, and the tumors were collected 
and weighed.

Terminal deoxynucleotidyl‑transferase‑mediated dUTP nick 
end labeling (TUNEL) assay. Apoptosis was analyzed using 
an In Situ Cell Death Detection kit (Roche Applied Science). 
The 4T1 breast tumors, fixed in 4% paraformaldehyde at 
4˚C for 24 h, were paraffin‑embedded and sectioned. Tissue 
sections were deparaffinized and rehydrated according to 
standard protocols, and then incubated for 15‑30 min at room 
temperature with proteinase K working solution. Subsequently, 
the TUNEL reaction mixture was added to the tumor sections. 
Following incubation in a humidified container for 2 h, the 
sections were mounted using anti‑ fluorescence quenching 
agent (Beyotime Institute of Biotechnology, Haimen, China) 
and observed in five fields under a fluorescence microscope 
(BX‑53; Olympus Corporation, Tokyo, Japan) at 200x 
magnification.

Live and kidney function assay. A blood sample (~0.8 ml) 
was harvested from the heart prior to sacrifice, serum was 
collected via centrifugation at 827 x g for 15 min at room 
temperature. Serum levels of alanine amino transferase 
(ALT), aspartate amino transferase (AST), blood urea nitrogen 
(BUN) and creatinine (CREA) were measured using assay kits 
(cat. nos. C009, C010, C013 and C011, respectively; Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China) according 
to the manufacturer's protocols.

Statistical analysis. Data were statistically analyzed using 
SPSS 19.0 (IBM Corp., Armonk, NY, USA) and expressed as 
the mean + standard deviation. Two‑tailed Student's t‑test was 
used to determine statistical differences between two groups. 
Comparisons among multiple groups were performed using 
one‑way analysis of variance, with post hoc Fisher's least 
significant difference test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Fisetin inhibits breast cancer cell viability. To explore 
the anti‑tumor potency of fisetin against breast cancer 
cells, the MTT assay was used to examine the effect of 
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fisetin on the viability of breast cancer cells (4T1, MCF‑7 
and MDA‑MB‑231). The results demonstrated that fisetin 
significantly reduced the number of viable 4T1, MCF‑7 
and MDA‑MB‑231 breast carcinoma cells, compared with 
controls  (Fig. 1). Furthermore, fisetin significantly inhib-
ited the proliferation of 4T1 cells in a concentration‑ and 
time‑dependent manner. Therefore, 4T1 cells were selected 
for further study.

Fisetin inhibits the proliferation, migration and invasiveness 
of mammary carcinoma cells ‑ results based on the ECIS plat‑
form. The inhibitory effect of fisetin was measured by ECIS, 
cell proliferation was recorded by cell electric resistance for 
48 h. Consistent with the results of the MTT assay, ECIS 
experiments demonstrated that fisetin significantly inhibited 
the proliferation of 4T1 cells in a concentration‑dependent 
manner (Fig. 2A).

The ECIS platform‑based wound‑healing assay allows for 
the assessment of metastatic capability. Following electrical 
wounding, the gradually increasing value of resistance reflects 
the dynamic migration of the healthy neighboring cells. The 
results demonstrated that the untreated 4T1 cells rapidly recov-
ered to the state observed prior to electrical wounding. It was 
demonstrated that 4T1 cells that had been treated with 2 µM 
fisetin also recovered to the state prior to electrical wounding, 
but their recovery was less rapid than the control group. Cells 
that had been treated with 4 or 8 µM fisetin were unable to 
completely recover (Fig. 2B). These results indicate that fisetin 
inhibited the migration of 4T1 cells.

In the ECIS platform‑based cell invasion method, 
HUV‑EC‑C cells were used to simulate the in vivo vascular 
endothelial layer. When tumor cells penetrated the HUV‑EC‑C 
barrier, the resistance value decreased. As the growth of the 
HUV‑EC‑C cells plateaued and a stable barrier layer was 
formed, the layer was challenged with 4T1 and MDA‑MB‑231 
cells. Fig. 2C indicated that 4T1 cells were able to penetrate the 
HUV‑EC‑C barrier, which led to a decrease in resistance. 4T1 
cells that had been treated with 10 or 20 µM fisetin influenced, 
but failed to breach, the HUV‑EC‑C junction. However, 4T1 
cells that had been treated with 40 µM fisetin failed to induce 
any change in the HUV‑EC‑C resistance  (Fig. 2C). These 
results suggest that fisetin reduced the invasive capability of 
4T1 cells. This finding was also confirmed in MDA‑MB‑231 
cells (Fig. 2D).

Fisetin induces the apoptosis of mammary carcinoma cells. To 
examine the effect of fisetin on the apoptosis of 4T1 cells, cells 
were treated with fisetin for 24 h, followed by Annexin V/PI 
double staining. The apoptotic rates of 4T1 cells (early apop-
tosis + late apoptosis) were 10.82±4.73%, 24.28±7.92%, and 
22.89±4.21% in the 20, 40, and 80 µM fisetin groups, respec-
tively (Fig. 3A‑E). Fisetin at 40 µM primarily induced early 
apoptosis, whereas fisetin at 80 µM primarily induced late 
apoptosis (apoptotic rate: 20.65±2.93%; Fig. 3F).

Fisetin regulates the PI3K/Akt/mTOR pathway in 4T1 
mammary carcinoma cells. Western blotting was performed 
to examine the expression of PI3K, Akt, mTOR, P70, p‑PI3K, 
p‑Akt, p‑mTOR, p‑P70, Bax, and Bcl‑xL proteins in 4T1 cells, 
in an attempt to explore the potential mechanism of fisetin 
intervention. The results demonstrated that treatment of 4T1 
cells with fisetin significantly reduced the expression of Akt, 
P70, and mTOR. In addition, p‑PI3K and p‑PI3K/PI3K, p‑Akt 
and p‑Akt/Akt, p‑P70 and p‑P70/P‑70 and p‑mTOR were 
significantly decreased, Bax was significantly upregulated, 
and Bcl‑xL was significantly downregulated following fisetin 
treatment in comparison with controls (Fig. 4). The very low 
expressions of p‑mTOR and mTOR in the fisetin‑treated 
groups may have contributed to the unexpected significant 
increase in the p‑mTOR/ mTOR ratio (Fig. 4D).

Fisetin inhibits the primary tumor growth of 4T1 cells. To 
further determine the effect of fisetin on 4T1 cells in vivo, 
4T1‑luc2 cells were used to establish an orthotopic‑transplant 
model of mammary carcinoma. Significant differences were 
detected in tumor volume and tumor weight between the 
fisetin‑treated and control groups, whereas vehicle demon-
strated no inhibitory effect  (Fig. 5A and B). Although the 
difference did not reach statistical significance, the number 
of photons emitted from the tumor was markedly reduced 
in the fisetin‑treated group compared with the control 
group (Fig. 5C). The proportion of apoptotic cells was mark-
edly increased in the fisetin‑treated group  (Fig. 5D). The 
results of in vivo experiments further demonstrated the inhibi-
tory effect of fisetin on mammary carcinoma. However, the 
results also demonstrated that ALT and AST were elevated 
in the fisetin group  (Fig. 5E and F), whereas no effect of 
fisetin on BUN and CREA in tumor‑bearing mice was indi-
cated (Fig. 5G and H).

Figure 1. Fisetin inhibits the proliferation of breast cancer cells. (A) MDA‑MB‑231, MCF‑7, and 4T1 cells were treated with fisetin (20, 40, 80 µM) for 24 h 
or 48 h. Cell viability was determined by MTT assay. Data are presented as the mean + standard deviation (n=3). **P<0.01, ***P<0.001 vs. control; ###P<0.001.
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Figure 2. Fisetin inhibits 4T1 cell proliferation, migration and invasiveness based on the electrical cell‑substrate impedance sensing method. (A) Resistance 
changes induced by 4T1 cells exposed to different concentrations of fisetin were recorded. (B) 4T1 cells treated with fisetin were subjected to electrical 
wounding. The wound was then healed by healthy neighboring cells, which can be observed in the resistance record. HUV‑EC‑C cells were cultured in the 
array to the plateau stage, and were subsequently challenged by (C) 4T1 or (D) MDA‑MB‑231 cells. Changes in resistance were monitored to examine the effect 
of fisetin on 4T1 and MDA‑MB‑231 invasion potential. Data are presented as the mean + standard deviation (n=3). ***P<0.001, vs. control.
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Discussion

As a flavonoid compound that is widely present in medicinal 
and edible plants, fisetin has become the focus of many studies. 
Yang et al (36) previously demonstrated that fisetin inhibited 
the proliferation of Mcf‑7 cells through the regulation of apop-
tosis and autophagy. Matthew et al (37) recently demonstrated 
that fisetin inhibited the proliferation of MDA‑MB‑468 and 
MDA‑MB‑231 cells through the induction of cell cycle arrest 
and apoptosis. However, in vivo studies that have investigated 
the effect of fisetin on breast cancer are scarce. The present 
study demonstrated that fisetin inhibited the proliferation of 
breast cancer cells. In addition, fisetin inhibited the migration 
and invasiveness of 4T1 cells and induced their apoptosis. 
In vivo experiments demonstrated that fisetin inhibited the 
growth of 4T1 cell‑derived orthotopically transplanted tumors. 
The present study also demonstrated that fisetin downregu-
lated p‑PI3K, p‑Akt, and p‑mTOR, and that Bax and Bcl were 
associated with the fisetin‑induced apoptosis of 4T1 cells.

PI3K is a phosphatidylinositol kinase that can phos-
phorylate the third hydroxyl group of the inositol ring on 
the cell membrane. PI3K activation leads to the produc-
tion of phosphatidylinositol (3,4,5)‑trisphosphate, which is 
associated with the phosphorylation and activation of Akt. 
Activated Akt is translocated from the cell membrane to the 
cytoplasm and nucleus, where it activates or inhibits down-
stream target proteins such as Bcl‑2, caspases, and mTOR 
through phosphorylation. This allows Akt to regulate cell 
proliferation, differentiation, invasion, apoptosis and energy 
metabolism (46‑48). The PI3K/Akt/mTOR signaling pathway 
is activated in approximately 70% of breast cancers, and 

its activation is correlated with clinical characteristics and 
poor prognosis (49,50). Inhibition of the PI3K/Akt pathway 
suppresses the proliferation of tumor cells and enhances 
apoptosis (51). Fisetin inhibits the expression and activation of 
the PI3K/Akt/mTOR signaling pathway in lung, prostate and 
colorectal cancer, and leukemia (22), which is consistent with 
the results of the present study. The finding that fisetin targets 
and inhibits the PI3K/Akt/mTOR signaling pathway provides 
rationale for further investigation and the clinical application 
of fisetin.

Similar to other naturally occurring flavonoids, fisetin 
has poor solubility. In previous in vivo experiments, DMSO 
was used as the vehicle for the intraperitoneal injection of 
fisetin (26). In the in vivo experiments, mice were administered 
an intraperitoneal injection of fisetin at a dose of 223 mg/kg, 
which was determined based on the experimental dosage 
reported by Touil et al (26). The toxicity of fisetin observed in 
the present study may have been due to the combined effects of 
the vehicle and fisetin. Fisetin significantly increased ALT and 
AST levels, thus suggesting liver toxicity, whereas the vehicle 
markedly increased ALT, which also indicated potential liver 
toxicity. Apart from this potential role of the vehicle, the high 
dose of fisetin is the present study may be the key reason. 
The present research group previously attempted to gavage 
and intraperitoneally inject fisetin at a dosage of 112 mg/kg, 
however, at this dose condition, neither inhibition nor liver 
toxicity was observed  (data not published). In the present 
study, the results of ALT and AST assays suggested that the 
fisetin dosage of 223 mg/kg may aggravate liver burden due to 
poor bioavailability. Further studies regarding increasing the 
bioavailability and reducing dose are required.

Figure 3. Fisetin induces apoptosis of 4T1 cells. Annexin V/PI staining demonstrated that fisetin induced the apoptosis of 4T1 cells. (E) The apoptotic rates 
(early apoptosis + late apoptosis) of (A) control 4T1 cells and the (B) low‑, (C) moderate‑ and (D) high‑fisetin groups were 1.02±1.20, 10.82±4.73, 24.28±7.92 
and 22.89±4.21%, respectively. (F) Fisetin at 40 µM primarily induced early apoptosis, whereas fisetin at 80 µM mainly induced late apoptosis. Data are 
presented as the mean + standard deviation (n=3). **P<0.01 vs. control. PI, propidium iodide.
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A number of potential limitations should be considered in 
the present study. First, according to the MTT assay performed 
in serum‑containing medium and with fisetin‑treatment of 
24 or 48 h, fisetin may be cytotoxic to cells; therefore, the 
effects on migration/invasion may be due to the effects on 
cell viability. In spite of these inevitable disturbances, a 

number of steps were taken to reduce the mixed effects. In 
the wound‑healing experiments, the medium was replaced 
with serum‑free culture medium supplemented with fisetin 
prior to electrical wounding, and the fisetin‑exposure time was 
reduced to 6 h. In the invasion experiments, prior to exposure 
to the HUV‑EC‑C barrier, tumor cells were treated with fisetin 

Figure 4. Fisetin regulates the PI3K/Akt/mTOR pathway in 4T1 cells. (A) 4T1 cells were treated with fisetin (0, 20, 40 or 80 µM) for 24 h, and total protein 
was extracted and subjected to western blot analysis. Mean + SD of band density of (B) p‑mTOR, (C) mTOR, (D) p‑mTOR/mTOR, (E) p‑PI3K, (F) PI3K, 
(G) p‑PI3K/PI3K, (H) p‑Akt, (I) Akt, (J) p‑Akt/Akt, (K) p‑P70, (L) P70, (M) p‑P70/P70, (N) Bax and (O) Bcl‑xL. Data are presented as the mean + standard 
deviation (n=3) **P<0.01 vs. control. PI3K, phosphoinositide 3‑kinase; Akt, protein kinase B; mTOR, mechanistic target of rapamycin; p, phosphorylated; 
Bcl‑xL, B cell lymphoma‑extra large; Bax, B cell lymphoma‑2‑associated X protein.
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in the serum‑free medium for 12 h. Second, the in vitro experi-
ments on invasiveness had a potential flaw as HUV‑EC‑C cells 

are of human origin and 4T1 cells are of mouse origin; hence 
the interactions between these cells types may not reflect 

Figure 5. Fisetin inhibits tumor growth and induces the apoptosis of 4T1 cells in vivo. In an orthotopic‑transplant model of mammary carcinoma, mice 
were treated with fisetin, vehicle alone, or normal saline for 21 days. (A) Tumor volume and (B) tumor weight were decreased in the fisetin‑treated group. 
(C) Bioluminescent signals of primary tumors are expressed as total flux. Tumors were removed from the control and fisetin groups, followed by the (D) terminal 
deoxynucleotidyl‑transferase‑mediated dUTP nick end labeling assay to analyze apoptotic cells (magnification, x200). (E and F) fisetin may induce side effects 
on liver function. (G and H) No effect on kidney function was observed. Data are expressed as the mean + standard deviation. **P<0.01, ***P<0.001 vs. control. 
ALT, alanine amino transferase; AST, aspartate amino transferase; BUN, blood urea nitrogen; CREA, creatinine.
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the in vivo situation when both cell types are from the same 
species. On this issue, help was sought from the ECIS manu-
facturer, who reported that the HUV‑EC‑C barrier used in the 
ECIS model is the classic model developed by their engineer, 
and that the stability of HUV‑EC‑C in the ECIS model may 
not be achieved by other microvascular endothelial cells. 
Therefore, the invasion‑inhibition of the fisetin was confirmed 
with MDA‑MB‑231 cells, which are from the same species of 
HUV‑EC‑C. Furthermore, the invasion‑inhibition reported in 
the fisetin in vitro experiments is encouraging, and the impact 
of fisetin on metastasis was explored in vivo. The effect of 
fisetin on the 4T1 model was investigated. All animal experi-
ments culminated within 3 weeks, which was not long enough 
to observe obvious lung metastasis in this model, according to 
previous studies (41,44). During the 3‑week treatment period, 
in the fisetin‑treated group, 2 mice succumbed and the mean 
body weight decreased >10%, which was the humane endpoint 
established by the ethical approval obtained. In this situation, 
it was necessary to abandon the study, the effect of fisetin on 
lung metastases was not examined in this model. The present 
research group is working on fisetin‑loaded material to 
ameliorate the poor bioavailability, solubility, instability and 
permeability of fisetin. Future studies regarding the effect on 
lung metastases remain on the research schedule of the present 
authors.

The low solubility and low bioavailability of fisetin limit 
its further investigation. Previous studies have attempted to 
overcome these issues with the use of drug delivery vectors 
and improved preparation techniques (35,52), and it is expected 
that future studies will provide strategies for further clinical 
and translational research on fisetin.
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